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The nucleopolyhedrovirus CfDEFNPV contains a gene encoding a viral protein, which accumulates as bipyramidal inclusion
bodies (spindles) in the cytoplasm of infected cells. The spindles appear as early as 24 h postinfection, approximately 1 day
earlier than viral occlusion bodies (OBs). Purification and characterization of the spindle protein was complicated by the fact
that the OBs copurified with the spindles. We therefore modified CfDEFNPV by replacing the polyhedrin gene (plh) with a
cassette containing the green fluorescent protein (GFP) gene. The recombinant virus did not produce OBs; however, the
synthesis and morphogenesis of the spindles were not altered. When analyzed by SDS–PAGE, the spindles produced a
50-kDa protein, which was termed spindlin. Tunicamycin inhibition and endoglycosidase studies showed that spindlin was
glycosylated. The N-terminus of spindlin was sequenced and its gene (gp50) was located on the viral genome. The gene was
cloned and sequenced. Homologs of gp50 were found in several baculoviruses as well as in entomopoxviruses (EPV). In the
latter virus, the homologous gene is that of fusolin, which also encodes a protein that forms spindle-shaped inclusion bodies
in the cytoplasm of infected cells. Immunoblot analysis indicated that spindlin and fusolin were not serologically related, even
though they share conserved polypeptide domains. Sequence analysis showed that gp50 of CfDEFNPV contains two late
promoter motifs (TTAAG) in its 59 flanking region. Both were used, but the proximal motif (214 to 218 nt relative to the ATG)
was the primary sequence from which most of the mRNA was initiated. When gp50 was cloned in a heterologous baculovirus
expression system, spindlin was synthesized, although the spindles were irregular in shape. This suggested that the spindle
structure may be species-specific or it may require more than one gene product for its morphogenesis. © 2000 Academic PressINTRODUCTION
Wild-type Choristoneura fumiferana nucleopolyhedro-
virus consists of two distinct viruses: CfMNPV and a
defective virus that has been designated CfDEFNPV. The
former has been characterized in several laboratories,
while the latter has been deemed defective because of
its inability to infect the larval host by the per os route. It
requires the help of CfMNPV to negotiate the larval gut
barrier (Arif, unpublished data). The two viruses are not
variants of the same strain and have been shown to be
distinct by REN analysis and cross-hybridization (Arif,
unpublished data).
Cytopathological changes occur predominantly in the
nuclei of NPV-infected cells, although some unusual
structures have also been observed in the cytoplasm.
Spindle-shaped inclusion bodies were initially observed
in the cell cytoplasm of larvae infected with an NPV of
the European fir budworm, Choristoneura murinana
(Huger and Krieg, 1968). They were described as refrac-
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56tive to light and could be dissolved in an alkaline solu-
tion. The spindles were observed only in the cytoplasm
and lacked embedded virions. The same kind of spindle-
shaped cytoplasmic inclusion bodies also appeared in
larvae infected with NPVs of Cadra cautella (Adams and
Wilcox, 1968) and Archips cerasivoranus (Amargier and
Smirnoff, 1974).
A gene from the Autographa californica MNPV
(AcMNPV) encoding a putative 34.8-kDa protein was
sequenced and analyzed (Wu and Miller,1989), but no link
between this gene and the spindle-shaped inclusion
bodies was established until the studies by Gross et al.
(1993) on the Orgyia pseudotsugata MNPV (OpMNPV).
These latter authors used immunogold labeling to show
that the spindles were composed of a protein encoded
by the OpMNPV gp37, which is a homolog of the
AcMNPV p34.8 that was analyzed by Wu and Miller
(1989). The proteins encoded by the two genes shared
51.87% amino acid identity. However, no spindle-shaped
cytoplasmic inclusion bodies have ever been reported in
cells infected with AcMNPV. The function of this protein
in AcMNPV is still unknown, but the gene was thought to
be essential for replication because attempts to produce
knock-out mutants were unsuccessful (Wu and Miller,
1989). Vialard et al. (1990) found that the Choristoneura
biennis entomopoxvirus (CbEPV) has a homolog of the
AcMNPV p34.8. Liu and Carstens (1996) reported an-
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57CHARACTERIZATION OF OVEREXPRESSED SPINDLE PROTEINother spindle-like protein gene in CfMNPV, which was
highly similar to p34.8 and gp37 as well as to fusolin
genes found in some EPVs. Fusolin is a protein which
also forms spindle-shaped inclusion bodies that were
first called fuseau by Vago (1963) and later characterized
by Dall et al. (1993). Its biological function is still not fully
understood but some reports showed that it enhanced
NPV infection (Xu and Hukuhara, 1992).
This study describes the characterization of the spin-
dle protein encoded by CfDEFNPV. The protein shall be
termed spindlin. Data on the synthesis of spindlin and
the formation of spindles in CfDEFNPV-infected and a
recombinant virus-infected cells are presented. The im-
munological relationship between spindlins and fusolins
is also reported. We also confirmed that when gp50 is
cloned in a heterologous virus (AcMNPV), the protein is
successfully expressed but the spindles were irregular
in shape.
RESULTS
Abundant synthesis of spindles during CfDEFNPV
replication
A feature of CfDEFNPV replication of CF-70 cells and
in C. fumiferana larvae is the abundant production of
spindles in the cytoplasm of infected cells. In an effort to
characterize the cytopathological effects (CPE) and ob-
serve the formation of spindles, we followed the infection
process of the parental virus (CfDEFNPV) and compared
it to that of a polyhedrin-negative recombinant virus
(vDEF.GFP) in CF-70 cells (Fig. 1). In vDEF.GFP, plh of
CfDEFNPV was replaced with the gene encoding the
green fluorescent protein, GFP. At 0 h postinfection (hpi;
Fig. 1A, panel a), the cells appeared exactly as unin-
fected controls (data not shown). By 24 hpi, the cells
exhibited typical CPE, including hypertrophied nuclei and
obscured nucleolar structures. No viral occlusion bodies
(OBs) could be seen at this time, although spindles
started to appear in the cytoplasm (Fig. 1A, panel b). OBs
were observed at 48 hpi (Fig. 1A, panel c). They accu-
mulated in the nuclei and were observed in almost every
cell at the late stages of infection (Fig. 1A, panels d–f).
Similarly, production of spindles was also evident
throughout the infection process.
As expected, when Cf-70 cells were infected with
vDEF.GFP, no OBs were formed (Fig. 1B). At 12 hpi,
infected cells did not exhibit any signs of CPE (Fig. 1B,
panel a). By 24 hpi, spindles had formed in cytoplasm
(Fig. 1B, panel b), similar to what was observed in cells
infected with CfDEFNPV. Large numbers of spindles
were produced throughout the late stages of the infec-
tion with vDEF.GFP (Fig. 1B, panels c–f).
Spindlin is N-glycosylatedSpindles could easily be purified from vDEF.GFP-
infected cells because of the absence of OBs. Thespindles were shown to be composed of a 50-kDa
polypeptide by SDS–PAGE (Fig. 2A, lane 1), although
sometimes it migrated slightly faster. They were solu-
ble in a sodium carbonate solution normally used to
dissolve OBs; however, this treatment did not cleave
the protein (Fig. 2A, lane 2). The predicted molecular
mass of spindlin is approximately 38 kDa but it mi-
grated as a 50-kDa polypeptide on SDS–PAGE. To
examine whether this discrepancy in mass was the
result of glycosylation, one unit of endoglycosidase H
(Endo H, New England Biolabs) was incubated with
the spindles under standard assay conditions. The
results indicated that spindlin was cleaved and mi-
grated slightly faster than the native 50-kDa band
(compare lanes 3 and 4 in Fig. 2B), suggesting that it
is N-glycosylated. To confirm this interpretation, tuni-
camycin inhibition experiments were carried out (Fig.
3). This antibiotic prevents the synthesis of GlcNAc-
containing macromolecules. Immunoblots treated with
antispindlin antibody (anti-SDN) revealed that, in the
presence of tunicamycin, both wild-type and recombi-
nant viruses produced small amounts of unglycosy-
lated protein that migrated faster than the native spindlin
band (Fig. 3, lanes 2 and 4). This result confirms that
spindlin is an N-glycosylated protein. Similar tunicamy-
cin inhibition experiments also showed a very small shift
in the homologous protein from Mamestra brassicae
MNPV (Phanis et al., 1999). In the immunoblot analysis,
several minor bands of high molecular weight were de-
tected (Fig. 3, lane C) as well as in samples containing
total infected cellular proteins (Fig. 3, lanes 1 and 3).
Since the antibody was prepared against the spindlin
band excised from the gel, it is likely that these other
bands are aggregates of the spindlin protein. In this
manner, spindlin behaves much like fusolin, which is
known to aggregate readily (Yuen et al., 1990; Arif, 1995).
Another noteworthy observation is that the anti-SDN did
not cross-react with polyhedrin produced by CfDEFNPV
(Fig. 3, lanes 1 and 2). Similarly, antipolyhedrin antibody
(anti-PLH) did not cross-react with spindlin (data not
shown). Therefore, these two major viral proteins are not
serologically related.
Synthesis of spindlin begins earlier than polyhedrin
To determine the time course of spindlin synthesis,
CF-70 cells were infected with either CfDEFNPV or
vDEF.GFP and at various times thereafter, approximately
2 3 103 cells were collected for SDS–PAGE and immuno-
lot analyses. In these experiments, anti-PLH and anti-SDN
ntibodies were mixed together to detect the two major
iral proteins. The data presented in Fig. 4A showed that,
n CfDEFNPV-infected cells, spindlin and polyhedrin first
ppeared at 24 and 48 hpi, respectively. When plh wasdeleted and replaced by a reporter gene cassette (GFP)
in the recombinant virus vDEF.GFP, polyhedrin was no
58 LI ET AL.FIG. 1. Light microscopic observation of virus infections of CF-70 cells. (A) CF-70 cells were infected with CfDEFNPV and observed at 0 (panel a),
24 (panel b), 48 (panel c), 72 (panel d), 96 (panel e), and 120 (panel f) h postinfection (hpi). At 24 hpi, spindles (S) were formed in the cytoplasm (C)
and could be seen under an oil objective (10003, panel b). Polyhedral occlusion bodies (P) were observed in the nuclei (N) at 48 hpi and thereafter
(panels c–f). (B) CF-70 cells were infected with vDEF.GFP and observed at 12 (panel a), 24 (panel b), 48 (panel c), 72 (panel d), 96 (panel e), and 120
(panel f) hpi. The spindles appeared at 24 hpi in the cytoplasm (panel b) and thereafter (panels c–f). No OBs were formed in the nuclei. Cells were
observed under the same magnification (4003), except those from 12 and 24 hpi (10003).
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59CHARACTERIZATION OF OVEREXPRESSED SPINDLE PROTEINlonger synthesized in infected cells (Fig. 4B). In the ab-
sence of plh, the synthesis of spindlin was still initiated
FIG. 1t 24 hpi, and therefore, the two genes appear to be
ndependently regulated.Primer extension analysis and mRNA initiation
nuedSequence analysis of CfDEFNPV gp50 indicated that
there are two late baculovirus promoter motifs (TTAAG)
ane 3 is an untreated sample and lane 4 is an Endo-H-treated sample. The
with Coomassie brilliant blue. Lane S shows the prestained protein markers.
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60 LI ET AL.upstream of the ATG translation start signal (Fig. 5).
Primer extension experiments were carried out with an
end-labeled primer to establish the mRNA initiation site.
The extended products were analyzed on urea–poly-
acrylamide gels. The results showed that a 106-nucleo-
tide (nt) product was produced (Fig. 5A, lane 2) and that
FIG. 2. SDS–PAGE analysis of spindlin, in which 1.8 3 105 spindle
SDS–PAGE sample buffer (lane 1) or with 0.1 M Na2CO3 before sample
(B) Purified spindles were treated with endoglycosidase H (Endo-H). L
shifted band is indicated by an arrowhead in (B). Both gels were stained
FIG. 3. Tunicamycin inhibition of spindlin glycosylation. CF-70 cells
ere infected with either CfDEFNPV (lanes 1 and 2) or vDEF.GFP (lanes
and 4) in the absence (2) or presence (1) of tunicamycin (10 mg/ml).
ells were harvested at 7 days postinfection and lysed in sample buffer
rior to electrophoresis and immunoblot analysis. Antispindlin antibody
as used at a 1:1000 dilution. The 50-kDa band of spindlin and a
hifted band are indicated by arrows. The pure spindle preparations were used for each well. (A) Purified spindles were dissolved directly in
buffer was added (lane 2). The 50-kDa spindlin band is indicated by an arrow.lane C) was used as a positive control. Lane S represents the protein
arkers.
p
mFIG. 4. Time course of spindlin synthesis. CF-70 cells were infected
with either CfDEFNPV (A) or vDEF-GFP (B). Cells were harvested at 0,
6, 12, 24, 48, 72, 96, and 120 hpi. Approximately 2 3 103 cells were
reated with sample buffer and examined by SDS–PAGE, followed by
mmunoblot analysis. Two antibodies, antispindlin (1:1000 dilution) and
ntipolyhedrin (1:2000), were mixed together to detect spindlin and
olyhedrin. A preparation of mixed OBs and spindles from CfDEFNPV-
nfected cells was used as a control (lane C). The spindlin (arrow) and
olyhedrin (arrowhead) are indicated. Lane S represents the protein
arkers.
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61CHARACTERIZATION OF OVEREXPRESSED SPINDLE PROTEINthe transcription of gp50 was initiated primarily from the
proximal TTAATG motif (Fig. 5B, lane 3). A faint extension
product initiated from the distal motif could also be seen
on the gel. It appears that the distal motif is also utilized
but to a lesser extent than the proximal one. Primer
extension experiments were also carried out to map the
plh transcript initiation site of CfDEFNPV. The extended
product was 161 nt long (Fig. 5A, lane 1) and was appar-
ently initiated from the T residue of the ATAAG motif.
Spindlins and fusolins are not serologically related
GenBank database contained 11 homologs of
CfDEFNPV spindlin, seven of which were from NPVs and
four from entomopoxviruses (EPVs). Alignment and
comparison of the amino acid sequences showed that
they shared identities ranging from 30 to 84% (Table 1).
The serological relationship between spindlins and fu-
solins was investigated by immunoblot analysis. Cells
infected with different NPVs were lysed with SDS, and
FIG. 5. Primer extension analysis of CfDEFNPV gp50 and plh. Primers
were end-labeled. The products were analyzed on 6% denaturing polya
nt, lane 2) are shown in panel A. Panel B shows the transcripts initiatinthe OBs along with spindles were partially purified (see
Materials and Methods). EPV preparations were alsopartially purified and were analyzed by SDS–PAGE. Two
NPVs and two EPVs exhibited 50-kDa protein bands (Fig.
6A, lanes 1–4 and 7). The 50-kDa bands in CfDEFNPV,
CfMNPV, and vDEF.GFP (lanes 1, 2, and 7, respectively)
were identified as spindlins and those from CfEPV and
CbEPV (lanes 3 and 4, respectively) were fusolins. Se-
quence analysis of the N-terminal amino acids confirmed
that the spindlin band of CfDEFNPV (H-G-Y-L-S-V-P-V-A-R)
and the fusolin of CfEPV (H-G-Y-M-T-F-P-I-A-R) were ho-
mologs. Clearly, spindlin appears to be strongly ex-
pressed by CfDEFNPV to levels at least comparable to
those of polyhedrins, which are considered to be the
most strongly expressed viral proteins in NPVs (Coomas-
sie blue staining in Fig. 6A, lane 1). It can also be seen
that polyhedrin is expressed more strongly than spindlin
by CfMNPV (Fig. 6, lane 2). To examine whether spindlins
and fusolins are serologically related, purified prepara-
tions from different NPVs and EPVs were analyzed by
SDS–PAGE, blotted onto membranes, and incubated with
ementary to the sequences downstream of the ATG translational starts
de gels. The extended products of plh (161 nt, lane 1) and of gp50 (106
the two TTAAG motifs (lane 3). Lane S shows the labeled DNA marker.complthe anti-SDN antibody (Fig. 6B). Only the 50-kDa spindlin
bands from CfDEFNPV and CfMNPV reacted with the
62 LI ET AL.antibody. The fusolins from EPVs did not cross-react with
the anti-SDN antibody, indicating that, by using the anti-
serum generated for these studies, no immunological
cross-reactivity between fusolins and spindlins was de-
tected, even though the amino acid sequences from the
two viral families have several conserved domains (Arif,
1995; Phanis et al., 1999).
In contrast to preparations from CfMNPV, CfDEFNPV,
and vDEF.GFP, we did not detect spindlin in viral occlusion-
body preparations of OpMNPV (Fig. 6, lane 5) and
AcMNPV (Fig. 6, lane 6) either by Coomassie blue staining
(Fig. 6A) or by immunoblot analysis (Fig. 6B). This indi-
cated that spindlin is either not synthesized abundantly
by the latter two viruses or only very small amounts of it
crystallize to form spindles. As a control, the anti-PLH
antibody of CfMNPV cross-reacted with polyhedrins from
all four NPVs (Fig. 6C). Proteins from EPVs did not cross-
react with antipolyhedrin antibodies (Fig. 6C).
Expression of CfDEFNPV spindlin in AcMNPV
To investigate whether spindles are formed in a het-
erologous NPV system, a recombinant AcMNPV was
constructed (vAc.GP50), in which the gp50 coding region
of CfDEFNPV was inserted into the plh locus under the
control of the plh promoter. SF-21 cells were infected
with vAc.GP50 and monitored at various times thereafter.
It was confirmed by immunoblot analysis with anti-SDN
antibody that spindlin of CfDEFNPV was expressed (Fig. 7).
As in the native system, spindlin could be detected at 24
hpi and its synthesis continued through the late stages of
infection. However, no typically bipyramidal spindles
were observed but instead, irregular-shaped inclusion
bodies were observed in the cytoplasm of the infected
cells (Fig. 8). Even though spindlin could be detected at
24 hpi, no cytoplasmic inclusion bodies were visible at
that time (Fig. 8A); they appeared at 48 hpi and later
(Figs. 8B–8D). It seems that the morphogenesis of the
spindles, which results in typical bipyramidal structures,
may require the expression of another factor that is not
T
Percentage Amino Acid Identity and Similarity (in
CfDEF CfNPV BmNPV AcNPV OpNPV
CfDEF .. 83.69 (90.11) 56.15 (64.44) 59.09 (65.51) 64.71 (73.80) 35
CfNPV .. 56.68 (65.51) 59.36 (66.85) 64.44 (72.46) 34
BmNPV .. 74.60 (76.20) 50.53 (60.16) 32
AcNPV .. 51.87 (62.57) 33
OpNPV .. 35
LdNPV
LsNPV
PsEPV
CbEPV
HaEPV
MmEPVbeing supplied by AcMNPV. The anti-SDN antibody did
not cross-react with other proteins from AcMNPV-in-fected SF-21 cells (Fig. 7), indicating that either P34.8 and
CfDEFNPV spindlin are serologically not related or the
expression of P34.8 is too low to be detected by the
anti-SDN antibody.
DISCUSSION
Certain NPVs produce spindle-shaped inclusion bod-
ies that accumulate in the cytoplasm of infected cells. In
contrast to OBs, spindles do not contain virions. Previous
accounts have been limited to morphological observa-
tions (Adams and Wilcox, 1968; Huger and Krieg, 1968;
Amargier and Smirnoff, 1974). Gross et al. (1993) used
immunoelectron microscopy to show that the protein
encoded by OpMNPV gp37 is concentrated in cytoplas-
mic inclusion bodies. CfDEFNPV produces the cytoplas-
mic spindles abundantly and provides a model to inves-
tigate the synthesis of spindlin at the molecular level.
Towards this goal, we have constructed a polyhedrin-
minus recombinant virus (vDEF.GFP) to facilitate the pu-
rification of spindles. This has allowed us to prepare
antispindlin antibodies and to characterize spindlin by
immunoblot analysis.
SDS–PAGE analysis revealed that spindlin is com-
posed of a single, posttranslationally modified protein.
Endo-H digestion and tunicamycin inhibition experi-
ments confirmed that the protein is N-glycosylated. The
glycosylation of spindlin is not extensive, as indicated by
the small shift in band mobility on SDS–PAGE (Figs. 2
and 3). A similar situation was observed in the case of
Mamestra brassicae MNPV GP37, which exhibited a very
small shift in mobility after tunicamycin treatment (Phanis
et al., 1999). N-glycosylated proteins are usually involved
in transmembrane structures, secreted, or targeted to
certain intracellular organelles, such as the rough ER or
the Golgi complex. After its synthesis, spindlin remained
in the cytoplasm and crystallized to form typical bi-
pyramidal spindles. When it was expressed in a heter-
ologous viral system (AcMNPV), irregular inclusion bod-
theses) of gp50 Homologs from NPVs and EPVs
LsNPV PsEPV CbEPV HaEPV MmEPV
0) 34.49 (46.79) 37.70 (52.14) 34.49 (52.41) 37.17 (53.21) 37.70 (54.01)
9) 35.56 (46.52) 37.17 (52.14) 32.62 (49.73) 36.10 (51.87) 37.70 (54.28)
9) 35.35 (46.26) 33.69 (45.19) 32.89 (43.58) 34.49 (45.99) 31.55 (43.32)
5) 32.89 (46.26) 34.76 (47.86) 33.69 (45.72) 33.96 (48.13) 32.89 (43.05)
6) 35.03 (48.66) 33.16 (48.93) 31.55 (45.99) 34.22 (47.33) 33.69 (48.93)
32.09 (46.26) 32.09 (41.98) 31.02 (44.12) 31.82 (40.68) 31.02 (40.64)
.. 31.82 (46.52) 29.95 (43.58) 31.82 (44.39) 31.82 (43.32)
.. 56.95 (66.84) 84.22 (87.97) 47.59 (61.23)
.. 57.22 (67.11) 48.13 (59.63)
.. 48.40 (61.76)
..ABLE 1
Paren
LdNPV
.03 (45.9
.22 (45.1
.35 (47.5
.42 (45.4
.83 (46.2
..ies were observed in the cytoplasm of infected cells. This
suggested that another factor supplied by CfDEFNPV
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63CHARACTERIZATION OF OVEREXPRESSED SPINDLE PROTEINmay be needed to form the typical bipyramidal spindle
structures.
Seven homologs of GP50 have been found in NPVs
and four in EPVs. They share several features, including
a 16–26 amino acid signal sequence at their N-termini
and several conserved domains (Arif, 1995; Phanis et al.,
1999). Microprotein sequencing of the spindlin band con-
firmed that a signal peptide is cleaved to form the mature
polypeptide. Computer analysis revealed that all the ho-
FIG. 6. Immunoblot analysis of viral proteins from NPVs and EPVs.
Preparations of OBs (106/well) from CfDEFNPV (lane 1), CfMNPV (lane
), CfEPV (lane 3), CbEPV (lane 4), OpMNPV (lane 5), and AcMNPV
lane 6) were dissolved in sample buffer, analyzed by SDS–PAGE, and
tained with Coomassie brilliant blue (A). Purified spindles from
DEF.GFP were used as a control (lane 7). Lane S represents the
rotein markers. (B) and (C) are immunoblot analyses with different
ntibodies. In (B), the antispindlin antibody was used at 1:1000 dilution.
n (C), the antipolyhedrin antibody was used at 1:2000 dilution. Spindlin
arrow) and polyhedrin (arrowhead) are indicated.mologs contain at least one potential N-glycosylation
site. The OpMNPV GP37 and the homolog from Ma-estra brassicae MNPV were confirmed to be glycopro-
eins by tunicamycin inhibition experiments (Gross et al.,
993; Phanis et al., 1999). Spindle-shaped inclusion bod-
es have been observed by electron microscopy and
mmunogold staining of OpMNPV-infected cells; how-
ver, no spindles were purified from the infected cells
Gross et al., 1993). Anti-OpMNPV GP37 antibody (kindly
onated by G. Rohrmann, Oregon State University) cross-
eacted with the spindlin band of CfDEFNPV (data not
hown) suggesting that these two NPVs are closely re-
ated. In contrast, the anti-SDN antibody did not cross-
eact with any protein produced in cells infected with
cMNPV, even though P34.8 shares 59% amino acid
dentity with spindlin of CfDEFNPV (Fig. 7). No evidence
f spindle-shaped inclusion bodies in AcMNPV-infected
ells has been reported. The AcMNPV protein, however,
ay be essential for virus replication because of failure
o produce p34.8-null mutants (Wu and Miller, 1989).
urther comparative studies on these NPV proteins at
he molecular level may help to understand the function
f these cytoplasmic spindles in NPV infection.
Polyhedrin has been well characterized and is defined
s an overexpressed viral protein. Its strong promoter
as been used extensively to express foreign proteins in
aculovirus expression systems. During CfDEFNPV rep-
ication, expression of spindlin was at least comparable
o that of polyhedrin, as judged by Commassie blue
taining of polyacrylamide gels (Fig.6A). Comparison of
he promoter regions of gp50 and plh of CfDEFNPV
uggested that they were quite different, although both
ontained the conserved late-transcription motif (A/G/
)TAAG, which is the major determinant of high-level
xpression in baculoviruses (King and Possee, 1992).
he promoter of CfDEFNPV gp50 contained two such
FIG. 7. Immunoblot analysis of GP50 expressed by AcMNPV. SF-21
cells were infected by AcMNPV or by vAc.GP50 recombinant virus.
Cells were collected at 12, 24, 48, and 72 hpi. Approximately 2 3 103
cells were loaded in each well for SDS–PAGE, followed by immunoblot
analysis. Two antibodies, antispindlin (1:1000 dilution) and antipoly-
hedrin (1:2000), were mixed together to detect spindlin from the recom-
binant virus and polyhedrin from wild-type virus. Uninfected SF-21 cells
were used as a control (lane C). Lane S contained the protein markers.
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64 LI ET AL.motifs (TTAAG) located at 214 and 231 relative to the
translational start signal. Primer extension studies
showed that most of the mRNA was initiated from the
proximal TTAAG and the distal motif was used to a lesser
extent. Expression of spindlin appeared 24 h earlier than
that of polyhedrin and deletion of plh did not affect the
expression level, indicating that the two genes are inde-
pendently regulated. Comparative studies of two very
late genes in AcMNPV showed that expression of a
reporter gene under the p10 promoter precedes plh-
romoter expression by several hours (Roelvink et
l.,1992). Although deletion of p10 resulted in increased
evels of plh mRNA, no effect on p10 expression was
bserved in the reverse scenario when plh was deleted
(Chaabihi et al., 1993). These results suggested that the
p10 promoter may compete more successfully than the
plh promoter for common factors. An alternate explana-
tion is that additional promoter-specific factors may dif-
ferentially influence plh and p10 expression. Here, we
report that the promoter of gp50 also appears to be a
FIG. 8. Light microscopic observation of vAc.GP50 infections of SF-2
C), and 148 (D) hpi. Magnification 5 4003.strong promoter. We plan to conduct studies to assess
the strength of the spindlin-gene promoter in comparisonto other strong late baculovirus promoters. Extensive
studies on this gene and the promoter region may lead to
the development of an alternative expression system.
The phenomenon of spindle formation within the cyto-
plasm of infected cells is surprisingly similar between
NPVs and EPVs, even though they are phylogenetically
unrelated DNA viruses. Several features are shared be-
tween the spindlin and fusolin homologs, including the
presence of an N-terminal signal sequence, at least one
N-glycosylation site, and several conserved amino acid
domains. Also, their molecular weights are approxi-
mately 50 kDa on SDS–PAGE gels, while their predicted
sizes from DNA sequence data are smaller. Our data and
those of others indicate that this difference is, in part, the
result of N-glycosylation (Phanis et al.,1999). Fusolin is
the most abundantly expressed protein in several EPVs,
including CbEPV (Fig. 6A, lane 4) and Heliothis armigera
EPV (Dall et al., 1993). Fusolin of CbEPV shares 52.41%
amino acid similarity with spindlin of CfDEFNPV (Table
1). However, the two proteins appear to be serologically
Cells were infected with vAc.GP50 and observed at 24 (A), 48 (B), 120unrelated when using the antibody generated for these
studies (Fig. 6B). The role of fusolin in the EPV replication
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65CHARACTERIZATION OF OVEREXPRESSED SPINDLE PROTEINcycle is as difficult to explain as the role of spindlin in
NPV replication. Not all EPVs appear to produce fusolin,
suggesting that it is not essential for infectivity (Dall et
al., 1993). Except for the few NPVs reported here and by
ross et al. (1993), the spindle-shaped inclusion bodies
ave not been reported in most NPVs, including the
ell-studied AcMNPV. It may be that some NPVs express
he protein in small amounts that do not form crystals.
ndeed, crystallization per se could be dependent on
oncentration and independent of function. Finally, there
s evidence that fusolin significantly reduces the LD50 of
ome NPVs (Xu and Hukuhara, 1992). Experiments are
eing carried out to elucidate whether spindlin has a
imilar effect on other NPVs and EPVs. The requirement
f the spindlin for CfDEFNPV replication as well as the
echanism of spindle formation will also be investi-
ated.
MATERIALS AND METHODS
iruses and cell lines
Plaque-purified CfMNPV has been previously de-
cribed (Ireland strain; Arif et al., 1984). A plaque-purified
fDEFNPV was used in this study (Arif, unpublished
ata). Orgyia pseudotsugata MNPV (OpMNPV) and Au-
ographa californica MNPV (AcMNPV) were kindly pro-
ided by Peter Ebling (Natural Resources Canada, Sault
te. Marie, Ontario, Canada). Purification of OBs was
arried out by sucrose-gradient centrifugation (King and
ossee, 1992). Two insect cell lines, FPMI-CF-70 (CF-70)
rom Choristoneura fumiferana and IPLB-SF-21AE (SF-21)
rom Spodoptera frugiperda, were used for CfDEFNPV
nd AcMNPV replication, respectively. They were main-
ained in Grace’s medium (GIBCO/BRL) supplemented
ith 0.25% (w/v) tryptose broth (GIBCO/BRL) and 10%
T
Primers for V
Primer Name Sequenc
1 DEFUTL
(HindIII)
59 GGG AAG CTT GTG G
AAC AAG C 39
2 DEFUTL
(Sse8387I)
59 GGG CCT GCA GGT G
TGG CGT TC 39
3 DEFUTR
(EcoRI)
59 GGG GAA TTC CAA C
AAA ATA TTG 39
4 DEFUTR
(Sse8387I)
59 GGG CCT GCA GGC A
GAG TAC ACC AAC 39
5 POLYGFP
(Sse8387I)
59 GGG CCT GCA GGC T
AAC AGG ACC G 39
6 POLYGFP
(Sse8387I)
59 GGG CCT GCA GGT T
CTT AAG 39etal bovine serum (CanSera, International Inc., Rexdale,
ntario, Canada). recombinant viruses
Construction of recombinant viruses was essentially
s described by King and Possee (1992). The recombi-
ant virus (vDEF.GFP) was generated by replacing the
lh of CfDEFNPV with a reporter gene cassette (green
luorescent protein, GFP). The transfer vector (pDEF.GFP)
as constructed as follows. The 59- (left) and 39- (right)
ntranslated flanking sequences of the plh of CfDEFNPV
ere amplified by using synthesized primers (listed in
able 2). PstI-N fragment (4.3 kb), which contains the
omplete plh of CfDEFNPV, was used as the template for
CR amplifications. Each amplified fragment was about
00 nt in length and contained an introduced restriction
nzyme site at the end. The left fragment contained a
indIII and an Sse8387I restriction sites and the right
ragment contained an Sse8387I and an EcoRI sites. The
FP reporter gene cassette was amplified from the vec-
or pJBCFP.EGFP. GFP was driven by the CfMNPV poly-
edrin promoter. This cassette (1.18 kb) was amplified by
CR and an Sse8387I site was introduced at both ends.
he primers used are listed in Table 2 (primers 5 and 6).
hree PCR fragments were digested with proper restric-
ion enzymes as shown, and ligated into a pUC19 plas-
id predigested with HindIII and EcoRI. The constructed
ransfer vector (pDEF.GFP) contained upstream and
ownstream sequences of the plh and the reporter gene
assette. DNA sequencing confirmed correct arrange-
ents of the three fragments in the transfer vector.
CF-70 cells were cotransfected with pDEF.GFP and
urified CfDEFNPV DNA by using lipofectin. Recombi-
ant viral plaques were identified by green fluorescence
nder a UV-microscope (MZ12, Leica) and a virus stock
as prepared after three rounds of purification. The
eletion of plh and insertion of the GFP cassette was
onfirmed by restriction-enzyme digestion and Southern
lot analysis.
onstruction
Position Template
AC ATG 2370 to 2347 nt
(to ATG)
pDEFPstI-N
T TGC GCT 87 to 110 nt
(to ATG)
A ATT GAC 2211 to 2287 nt
(to TAA)
pDEFPstI-N
C AGC 160 to 186 nt
(to TAA)
C TCA pJBCfPol.EG
FP
T TTA CGCABLE 2
ector C
es
GCG C
CT TC
AG TG
TC CA
CG AG
AC AAThe recombinant virus (vAc.GP50) was constructed by
eplacing the plh of AcMNPV with CfDEFNPV gp50. The
m
(
A
A
A
C
66 LI ET AL.CfDEFNPV DNA genome was used as a template to
amplify gp50 with a pair of primers, DEF371, 59 GGG AAG
CTT CGC AAA CAA CAC GTT CAA ATT TTG 39 and
DEF372, 59 GGG GAA TTC GAA TTT AAA TTG ACC AAT
TTT TAC 39. The underlined sections are introduced
HindIII and EcoRI sites, respectively, and bases shown in
italics are the sequences from the CfDEFNPV genome.
The 1.3-kb DNA fragment amplified by PCR contained the
ORF of gp50 and the upstream (100 nt) and downstream
(95 nt) untranslated sequences containing the promoter
and the polyadenylation signal. This PCR product was
digested with HindIII and EcoRI and ligated into the
ultiple cloning site of pBacPAK-His1 transfer vector
BacPAK baculovirus expression system; ClonTech, Palo
lto, CA). In-frame fusion of gp50 into the transfer vector
(pAC.GP50) was confirmed by DNA sequencing. SF-21
cells were transfected with this transfer vector and the
linearized viral DNA provided by the BacPAK kit, follow-
ing the manufacturer’s instructions. The recombinant vi-
ruses (vAc.GP50) were identified as occlusion-negative
plaque phenotypes.
Photography of virus-infected cells
CF-70 cells were infected with either the parental
CfDEFNPV or the recombinant virus, vDEF.GFP, at a mul-
tiplicity of infection (m.o.i.) of 8. SF-21 cells were infected
with AcMNPV or vAc.GP50 at an m.o.i. of 8. Cells were
harvested by low-speed centrifugation (1000 rpm, 5 min)
at various times postinfection. The cell pellets were re-
suspended in Grace’s media, observed, and photographed
under a phase-contrast microscope (Optiphot, Nikon).
Purification of spindles from infected cells and
protein analysis
CF-70 cells were infected with the recombinant virus
vDEF.GFP and harvested 10 days postinfection by cen-
trifugation (8000 rpm, 10 min). The cellular pellet contain-
ing spindles was dissolved in 0.5% SDS and incubated
overnight at room temperature to release the spindles,
which were then centrifuged at 12,000 rpm for 30 min
and resuspended in 0.5% SDS. Pure spindles were ob-
tained after three washes with 0.5% SDS. Purified
spindles were either taken directly into sample buffer
(Laemmli, 1970) or first dissolved in 0.1 M Na2CO3 prior to
adding sample buffer and SDS–PAGE analysis. Microse-
quencing of polypeptide bands was performed at the
Protein Sequencing Facility of University of Calgary
(Allpied Biosystem Model 491).
Production of antibodies against spindlin and
immunoblot analysis
Purified spindles were dissolved in sample buffer and
analyzed on SDS–polyacrylamide gels. A single 50-kDa
band stained with Coomassie brilliant blue was excised
from the gel, electroeluted, and used to generate anti-bodies (anti-SDN) in rabbits, as described previously (Li
et al., 1997). The same method was used to produce
antibodies against CfMNPV polyhedrin (anti-PLH). For
immunoblot analysis, the polypeptide bands in SDS–
polyacrylamide gels were transferred to nitrocellulose
membranes. Reactions and detection of antigen–anti-
body complexes were carried out as described by Har-
low and Lane (1988).
Glycosylation assay
To verify that spindlin had been modified by N-glyco-
sylation, Endo-H (New England Biolabs, Beverly, MA),
which cleaves oligosaccharides from N-linked glycopro-
teins, was used to digest spindlin. The spindles were
boiled in denaturing buffer and incubated with the
Endo-H enzyme at 37°C for 1 h. The samples were
analyzed by SDS–PAGE, together with untreated controls
to monitor band shifting.
Also, CfDEFNPV was grown in CF-70 cells in the pres-
ence of 10 mg/ml tunicamycin (Sigma, St Louis, MO).
Cells were harvested at 72 hpi and lysed in the sample
buffer. Proteins were separated by SDS–PAGE and trans-
ferred onto nitrocellulose for immunoblot analysis.
Primer extension
CF-70 cells were infected with CfDEFNPV and at 72
hpi, mRNAs were purified and used as templates. The
transcriptional start site in the CfDEFNPV gp50 was
established by performing a primer extension assay with
an end-labeled 21-bp oligonucleotide, PE37 (59 ATT GCC
TAG CGA CCG GCA CCG 39, 70–90 nt downstream of the
ATG start site), as described by Sambrook et al. (1989).
The transcriptional start site of CfDEFNPV plh was lo-
cated by a similar assay with a 26-bp primer, PEplh (59
GCA GGT GCT TCT TGC GCT TGG CGT TC 39, 86–110 nt
downstream of the ATG start).
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